Only odd numbered curves are shown for brevity. Dose PDF curves for distances 3 and 5 cm (corresponding to radii r 3 and r 5 respectively) predict mainly high and low doses respectively because these voxels are centred at the upper and lower position of the dose profile. The dose PDF curve for the voxel centred at 4 cm from the central axis (radius r 4 ) is smeared over a large dose range because it's mean location is the midpoint of the penumbra. The value of the positional PDF standard deviation is 0.6 cm. .5 (a) Mean organ position is represented by the x,y co-ordinate system. In routine treatment, due to CT uncertainty, the planning image represents the organ in an off-set co-ordinate system (the x′,y′ coordinate system). This co-ordinate system is then used to plan and deliver the dose. The 1D approach in this study uses only the x-component of these 2D shifts. (b) Organ positions during the treatment delivery (such as φ 1 , φ 2 and φ 3 for 3 fractions) are measured in the off-set (x′,y′) co-ordinate system. Table 6 .4 NTCP across a patient population (N=1000) with D=64 Gy Figure 6 .14 NTCP calculated with planned dose or with a 5% spatially uniform dose error at each fraction of treatment. Tables   Table 2.1 Variation in parameters used for measurement of MOD prostate .. Key: full (F) bladder/rectum, empty (E) bladder/rectum, rectum status Not Considered (NC), insufficient information provided (-). The numbers of images taken per patient refers to the number of images (CT, simulation and portals) used to derive their final measurement. Patients were treated in the supine (S) or prone (P) position, whether patient repositioning was done (yes, Y) or was not done (no, N), and the method used for the measurement (M1 or M2) from the text. In two studies the bladder/rectum content was increased with time (*), while in another study two time periods for voiding before treatment were examined (**). Table 2.2 The mean patient displacement averaged across studies (SEAS) and standard deviation δ (mm), with the systematic standard deviation δ S (mm) and the random standard deviation δ R (mm). Table 2 .3 Prostate position uncertainty due to the motion not directly attributed to bladder/rectum filling in the anterior-posterior, medio-lateral and superior-inferior directions. References will be bracketed. Table 2.4 Summary of respiration-induced abdominal motion. The movement of the organ is the positional difference of the organ from inhalation to exhalation, unless otherwise stated. The details of the measurement may include a direction, breathing rate, alternate endpoint, or the condition of the organ at the time of measurement i.e. disease title. Burman et al. (1991) and Kallman et al. (1992) . Table 4 .1 Summary of typical error magnitudes concerning supine treatment of prostate carcinoma used for modelling. Delineation error ranges are due to uncertainty in apex and seminal vesicles localisation. Systematic set-up errors quoted do not include the use of a correction protocol. Table 5 .1 The parameters defining systematic and random changes in rectum geometry Table 6 .1 The effect of margin size on TCP incorporating treatment uncertainty. The difference between planned TCP and mean TCP with 1 CT, as well as the difference in TCP between the planned and calculated mean TCP are shown. Table 6 .2 The effect of margin size on TCP incorporating treatment uncertainty and steep dose gradient to mimic IMRT. The difference between planned TCP and mean TCP at a 60 Gy dose level, as well as the difference in dose between the planned and calculated mean TCP at two levels of TCP are shown. Table 6 .3 Mean TCP across a patient population for three margin sizes, with error given as one standard deviation in mean TCP. Table 6 .4 NTCP across a patient population (N=1000) with D=64 Gy Table 6 .5 Maximum value of mean UTCP across a population with 1 SD uncertainty. The dose required for maximum UTCP is given in brackets.
xix Abstract Uncertainties are inevitably part of the radiotherapy process. Uncertainty in the dose deposited in the tumour exists due to organ motion, patient positioning errors, fluctuations in machine output, delineation of regions of interest, the modality of imaging used, and treatment planning algorithm assumptions among others; there is uncertainty in the dose required to eradicate a tumour due to interpatient variations in patient-specific variables such as their sensitivity to radiation; and there is uncertainty in the dose-volume restraints that limit dose to normal tissue. This thesis involves three major streams of research including investigation of the actual dose delivered to target and normal tissue, the effect of dose uncertainty on radiobiological indices, and techniques to display the dose uncertainty in a treatment planning system. All of the analyses are performed with the dose distribution from a four-field box treatment 
